The purpose of this paper is to investigate the environmental nature of the French Guiana shrimp …shery dynamics through an empirical analysis. In order to do so, we specify a global harvest production function, in which output depends on the number of days at sea and the stock level. In addition, we use some environmental variables representing the 'El Niño' and 'la Niña' phenomena, the sea surface temperature, and the ‡ow of some amazonian rivers as instruments. This method enables us to correct the well known simultaneaous bias between the harvest and the stock levels and to show that harvest is signi…cantly dependant on the environmental factors analyzed, which may compromise the future of the French Guiana shrimp …shery in the context of climate change.
Introduction
Since the mid 90's, environmental issues have become central in the public debate (Dunlap et al., 1991) . Nowadays, next to the CO 2 's emissions limitation and the management of water and wastes, the question of the safety of biodiversity also represents a crucial issue. Among all the numerous species the French Guiana entails, the shrimp constitutes a good example of a species being exploited for economic purposes that has almost totally collapsed in recent years (Lampert, 2011a) 1 . Two shrimp species are mainly exploited in the French Guiana …sheries, the brown and the pink shrimps (resp. Farfantepenaeus subtilis and Farfantepenaeus brasiliensis; cf. Figure 1 ). The French Guiana shrimp …shery started in the late 60's with the US ‡eet activity. All the boats are ‡oridean shrimp trawlers, each using two trawls at the same time. Japanese boats also exploited shrimps, but the whole ‡eet became progressively French between 1970 and 1990 . Over this period, the US-Japanese ‡eet increased up to 80 trawlers. Since 1992, the whole ‡eet is only composed with french trawlers targeting shrimps on the continental shell. The stock assessment has been …rstly performed each two years by a working group within the institutional and international framework of the Western Central Atlantic Fishery Commission (WECAFC) up to 1999, and has then been undertaken by the Ifremer (French institute of research for the exploitation of the sea) for management advice since the eighties, allowing for a strong knowledge of the population. The method used for assessment is the well-known "Virtual Population Analysis" (VPA), carried out on a monthly step basis which allows to obtain the recruit abundance as well as the spawning stock biomass and the …shing mortality.
One particular interest it presents is that its stock has steadily decreased over years though the e¤ort and harvest levels have followed quite the same evolution. Yet, some management rules and instruments have been progressively implemented or reinforced after the creation of the Exclusive Economic Zone. The management of the …shery is in compliance with European legislation. A total allowable catch (TAC) of 4108 tones for brown and pink shrimps has been adopted in 1983, of which 108 t. can be caught by neighbouring countries (Surinam, Trinidad, Barbade) . Compared to the historical catch, the TAC level has never been fully achieved. This TAC level has not been changed until 2011, despite the decreasing trends in biomass and landings (Figure 2) . In 1991, a license system has been introduced for both species. The main objective was initially to limit the number of boats in order to protect the shrimp resource. Licenses are attributed without fees. However, the license system did not seem to be in fact an active or e¢ cient resource management tool. Indeed, the year abundance of shrimp is mainly correlated with recruitment but not with e¤ort like e.g. the number of boats or the number of days at sea. The number of licenses was slightly reduced from 69 in 1991 to 63 in 1999, and to 49 in 2010. During this period, the number of active shrimp trawlers was less than the number of licenses (less than half in 2006). The license system could have been a tool to adjust the number of boats in order to improve economic results, but this objective was not explicitly addressed by the management system. Finally, there exist also some spatial restrictions: in order to limit the impact of trawling on juvenile shrimps and avoid con ‡icts with the coastal small-scale …shery, trawling is forbidden in coastal waters less than 30 meters depth. This rule is more restrictive than the spatial limitation applied to trawlers in European waters. All in all, the economic dynamics of the …shery has been characterized by a diminution of the ‡eet size, to concentrate the …shing activities on a reduced number of pro…table vessels.
Nevertheless, despite this low e¤ort level, the whole shrimp stock has strongly decreased between 1990 and 2009, which seems to constitute a paradox (see Table 1 ). This suggests that other factors, like environmental shocks, could explain the above statement. The French Guiana sea …shing area may be indeed a¤ected by e.g. the large guianan rivers and some climatic phenomena like 'El Niño'and 'La Niña'. The temperature, which can be considered as a general proxy of global climatic changes, may also play an important role here. Hence, a more e¢ cient management of this …shery would consist in a bio-economic approach accounting for the environmental trends and the economic context, in accordance with the new framework of the ecosystem based …sheries management.
The purpose of this paper is thus in a …rst step to investigate the e¤ects of some environmental phenomena on the working of the French Guiana shrimp …shery under a statistical view point. In order to do so, we propose an empirical analysis of a harvest production function where output depends on an e¤ort variable (the number of days at sea) and the stock level. Besides, we introduce additional pure environmental variables to correct some simultaneous bias problems, which in turn enables to highlight the role these variables play in improving the explanatory power of the model. These variables are the following: the Niño and Niña phenomena, the sea surface temperature, and the ‡ow of the Amazon, the Aprouague, the Comte, the Maroni, and the Oyapock rivers. Output elasticities with respect to usual and environmental inputs are then analyzed in detail.
The paper is organized as follows. The data set is presented in Section 2. Section 3 presents the harvest production function and the data used for its estimation. Empirical results are analyzed and discussed in Section 4. Section 5 entails some concluding remarks.
Data Set
Shrimp Landings and VPA calculations (Figure 2 ): The whole shrimp production of French Guiana is landed at the Larivot port. We use the data obtained from the sampling carried out since 1989 by Ifremer. We determine the species (some pink royal shrimps -Farfantepenaeus Brasiliensis -are mixed with the brown shrimps F. subtilis) and sex each subject. Size distributions for males and females are di¤erent. The abundance values of the recruits and stock were monthly performed by age-based Virtual Population Analysis (VPA) in accord with Sparre and Venema (1998) . The male and female were evaluated separately. The monthly length distributions were split into 7 nominal age-groups (2 to 8 plus-group) for both males and females. A speci…c R package script was developed for this calculation because more than 200 cohorts have to be calculated simultaneously (Lampert, 2011a (Lampert, , 2011b . The VPA Ifremer calculations were performed with the local shrimps growth rates (Vendeville et al., 2008) . The monthly sea surface temperatures (SST ) were provided by the National Climatic Data Center (NCDC) database. This monthly one-degree global SST climatology was constructed using the analyses carried out by the Climate Prediction Center (CPC/NOAA). The one degree climatology and analyses derived from monthly Optimum Interpolation (OIv2). The area coverage of the data is 2 -9 N and 47 -59 W. The analysis used buoy and ship data sets, satellite SST data, and SST's simulated by sea-ice coverage. The OI.v2 analysis is described in Reynolds et al. (2002) .
El Niño-La Niña index ( Figure 2 ): The Southern Oscillation Index, or SOI, gives an indication of the development and intensity of El Niño or La Niña events in the Paci…c Ocean. The SOI is calculated using the pressure di¤erences between Tahiti and Darwin. There are several methods to calculate the SOI. The method used by the Australian Bureau of Meteorology is the Troup SOI which is the standardised anomaly of the Mean Sea Level Pressure di¤erence between Tahiti and Darwin. It is calculated as follows:
where Pdi¤ = (average Tahiti MSLP 
The harvest production function
In …sheries economics, the most treated function is the Shaefer (1957) one, which is linear in both e¤ort and stock size and homogeneous of degree two. According to these assumptions, catch per unit e¤ort (H/E) is proportional to stock size at all levels of e¤ort and stock, and the distribution of …sh is uniform (see Bjørndal, 1987) . Whereas the use of such a function can be justi…ed in a …rst step, its use is unrealistic for …sheries of schooling species (Clark, 1976, p. 235) . Hence, we rather retain a more general Cobb-Douglas functional form. This function still implies that catch-input elasticities remain constant, i.e. independent of the scale of …shing operations or the …sh stock's level. Besides, this kind of single species harvest functions enables to avoid the risks of misspeci…cation, which could result from multi-species modelling (Peña et al, 2007) . At last, inter-species biological interactions are still not well identi…ed in the …shing zone considered here. Moreover, the Cobb-Douglas function is very well-established in the litterature on …shery economics (Bjørndal, 1987; Bjørndal, 1989; . According to this functional form, the harvest is related to economic, biological, and environmental exogenous variables as follows:
where q, E t , and S t respectively denote the catchability coe¢ cient, the …shing e¤ort level expressed as the number of days at sea, and the stock size. The parameters and respectively represent the elasticities of the harvest level with respect to e¤ort and stock. Times series data for the Guianan shrimp …sheries were obtained from the Ifremer. They are available from January 1990 to December 2009. The data set includes information for the whole ‡eet about harvest (the landed tonnage), inputs like the stock and the total number of days at sea (monthly operating days o¤ shore), and the environmental factors as the rivers' ‡ow, the sea surface temperature and the Niño and Niña indicators.
The Stock: the abundance values of the recruits and stock were monthly performed by age-based Virtual Population Analysis (VPA); see Section 2.
The Harvest variable to be explained corresponds to monthly landings of shrimp in tons for the whole ‡eet.
The E¤ort variable used for capturing the e¤ects of …shing e¤ort is a monthly number of total days during which the ‡eet is o¤shore. It includes the travelling time to the area where the …shing activities take place.
Niño and Niña variables describe the corresponding phenomena and are captured through the SOI ("Southern Oscillation Index") measure and used in the regression as dummies. This oscillation has its largest signature in and over the tropical Paci…c and Indian oceans but it also a¤ects oceanic and atmospheric conditions globally. The Niño yields a disruption of temperature in the tropical Paci…c Ocean that has important weather and climate consequences around the globe 2 . The Niño currents usually last for several months, resulting in the reduction of nutrients and a corresponding dissipation of …sh stocks (Sun et al., 2006) . The Niña is opposite for this other phase of the SOI when sea surface temperatures in the central and eastern tropical Paci…c are unusually low and when the trade winds are very intense. We suppose here that an oceanic episode of the Niño occurs when the SOI is lower than -8 and that an episode of the Niña occurs when the SOI is greater than 8. Besides, in order to take the persistence and the intensity of such phenomena into account, we have lagged the latter dummies of one year (12 months), which corresponds to the Nino(-12) and Nina(-12) additional variables.
The (sea surface) Temperature variable is measured in degrees celsius and is equal to the monthly mean during the estimated period.
Finally, among the numerous large rivers located in French Guiana, data were only available concerning the Aprouague, the Comte, the Maroni, and the Oyapock. Next to the local rivers, that are of interest since they are located close to the …shing zone, we also integrate to the analysis a very representative river, the Amazon. The ‡ow of the above rivers has been evaluated in m 3 /sec. The following logarithm of the harvest function (1) will be estimated:
where " t denotes error terms.
Empirical results
We …rst use ordinary least squares (OLS) to estimate the harvest production function. Results are presented in Table 1 (Model 1). However, a Hausman test (Hausman, 1978) rejects the exogeneity of the Stock variable in the harvest function (1). The endogeneity of the …sh stock is well known in the litterature of …sheries. According to e.g. Peña-Torres et al. (2007) the endogeneity of the …sh stock occurs for two reasons. The …rst, because catch a¤ects biomass negatively. The second reason is linked to the assessment of the …sh stock: Virtual Population Analysis (VPA). The VPA was introduced in …sh stock assessment by Gulland, (1965) . Indeed, the stock variable is calculated using this method which consists in reconstructing historical …sh numbers at age using information on death of individuals each year. This death is usually partitioned into catch by …sheries and natural mortality. Then by construction the biomass estimates depend on the catch. A feasible solution for endogeneity problems is the use of lagged variables. Nonetheless, this strategy does not solve in a totally convincing way the issue of biomass endogeneity, as contemporaneous catch data is used to estimate current as well as past biomass values, when VPA stock assessment methodology is involved, as this is the case here. As Peña-Torres et al., we use an instrumental variables regression which consist in two stage least squares (TSLS) estimation. The …rst stage of the estimation corresponds to a regression of the variable Stock on the only exogenous variable of the model, i.e. the E¤ort one, plus some di¤erent instruments. And to estimate Equation (2), but replacing the Stock variable by its …tted values found in the …rst stage regression. The results of the TSLS estimation are presented in Table  1 . In all regressions, we use the e¤ort level as the exogenous variable and Juveniles and Adults as intrumental variables that are correlated with the endogenous one (Stock). For the purpose of our study, we also include pure environmental variables like Niño, Niña, and the ‡ow of the Amazon, the Aprouague, the Comte, the Maroni, and the Oyapock rivers. Furthermore, this method enables us to evaluate the impact of the above variables on the stock and therefore on the harvest levels. We highlight the corresponding results in Table 2 . In Table 1 , the estimated e¤ort and stock output elasticities for all models indicate values that are statistically signi…cant at 5 % level. Comparison between Model 1 and Model 2-9 shows that the e¤ort output elasticity is always higher in the OLS regression than in all the TSLS ones, whereas the contrary is observed as the stock output elasticity is concerned. This suggests that the endogeneity problem related to the stock variable arti…cially increases the value of the e¤ort parameter and diminishes the stock parameter one.
All variables except the dummies for Niño and Niña refer to data transformed by natural logarithms. Coe¢ cient estimates, t-values, the Adjusted R 2 , and the Fisher statistics (F ) are indicated for all models. The number of observations is added to Table 1 .
The overall explanatory power of all estimated models is high, with Adjusted R 2 s ranging from 0.67 to 0.84. Moreover, the individual signi…cance level of most coe¢ cients appears to be quite high, denoting a good speci…-cation of each model.
The e¤ort output elasticity is signi…cantly di¤erent from zero but much lower than one, which clearly indicates decreasing returns to e¤ort within the shrimp's …shery.
The stock output elasticity is also signicantly di¤erent from zero. This should have constituted a brake on the observed shrimp's stock depletion since such a positive value implies that harvesting costs depend on stock size. In this case, a fall in the stock size yields an increase in harvesting costs which leads to a decrease in the …shing e¤ort level, and therefore constitutes a mechanical brake on stock depletion (see e.g. . This brake phenomenon seems to have been at stake in the case of the French Guiana shrimp …shery where the …shermen have substantially decreased their e¤ort level. Nevertheless, this has not prevented the stock from decreasing for a number of years. Our results therefore suggest that the observed shrimp stock collapse is not due to pure economical reasons, but rather to environmental ones in this model. : sig n i…c a nt a t 9 5 % o f c o n …d e n c e ;
: 9 9 % o f c o n …d e n c e All in all, the stock output elasticity is higher than the e¤ort output one. This result is of particular interest since it clearly shows that, in the shrimp …shery of French Guiana, stock contributes to changes in harvest much more than e¤ort. Table 2 indicates that the coe¢ cients of the two dummy variables (Niño and Niña) are signi…cantly di¤erent from zero (3.39 and -2.43 respectively). Moreover the lagged dummies of one year (12 months) Niño(-12) and Niña(-12) are also signi…cant and show that the instensity of its impact is higher several months later. Not surprisingly, as the Niño and Niña are opposite phenomena, the stock level is thus positively related to the Niño phenomenon and negatively to the Niña's one.
The Niño and Niña climatic phenomena occur on a large scale and modify many environmental factors such as wind, air temperature, water temperature, rainfall, river ‡ows and salinity, and probably also in the nursery area. In particular, as already said, the Niño corresponds to an increase in temperature. However, Table 2 shows that its e¤ect on stock is positive whereas the temperature's one is negative. Our results suggest therefore that the Niño's in ‡uence on stock seems to go through another channel than temperature. The Niño might indeed a¤ect other important biological processes like sexual maturation, spawning, larvae migration, juvenile feeding and survival, that are not captured by the present analysis. Concerning the Niña, it can correspond to unfavourable local and/or regional hydro-climatic conditions inducing negative e¤ects on the shrimp recruitment (Chaboud et al., 2009) . At last, the Niño and the Niña may have some impact on the water temperature, which may in turn in ‡uence the patterns of sea currents (Eide et al., 2002) . Table 2 shows that the models that use the Niño and the Niña variables lagged twelve months generate even better results (higher Adjusted R 2 s and t-student statistics in both cases). The corresponding elasticities also appear to be higher, suggesting that both phenomena produce their e¤ects on the shrimp's stock and harvest several months after their occurence. Moreover, the Adjusted R 2 of the model that integrates the Niña's e¤ects is even higher. The results concerning the temperature seem particularly interesting since the corresponding coe¢ cient appears to be the highest among all the environmental variables considered in this analysis. Furthermore, the model that uses temperature as an instrument also yields the highest Adjusted R 2 (13% in Table 2 ). Indeed, as mentioned by Garza-Gil et al. (2011) , oscillations in temperature seem to have some repercussions on the …sh's stock of the continental shelf species, to a greater or a lower degree. The negative temperature stock elasticity suggests that the current sea surface temperatures in French Guiana are probably above the optimal value that yields the highest recruitment. Table 2 shows that the impact of the rivers' ‡ow on the stock level, when it is signi…cantly di¤erent from zero (Amazon and Maroni), is negative. It is well known (Kutkuhn, 1966) that some groups of shrimps are more dependent on freshwater (estuarine extreme species) than others (oceanic-extreme species). Shrimps reproduce o¤shore so that larval drift can be observed towards the coastline where the nurseries are located. Juveniles will grow there during several weeks. We can hypothesize that juveniles survival depends on the quantity and the quality of the food brought by rivers. However, rivers bring a huge quantity of non-organic matter that could alter the feeding capacity of juveniles. Hence, there probably exists an optimal value for the rivers' ‡ow. On the one hand, a low ‡ow reduces the number of survivals because of the lack of food and, on the other hand, a high ‡ow reduces the survival because of too much particules in the water. The Amazon is the river that brings the highest quantity of suspended matter at the world's scale (on average around 4 tons of mud particules per second reach the French Guiana; Gratiot et al., 2008; Martinez et al., 2009) , which may partly explain the negative relationship between the stock and its ‡ow. One can observe that the Maroni's e¤ects are much weaker than those of the Amazon. Firstly, the ‡ow of the Amazon is several orders of magnitude greater than the Maroni's one. Secondly, the North Brazil Current brings the Amazonian waters from the South East to the North West along the French Guiana coast and therefore pushes the Maroni's waters out of Guiana which weakens the in ‡uence of the latter on the stock.
Conclusion
This paper shows that a Cobb-Douglas harvest production function is appropriate to describe the French Guiana shrimp …shery. The model relating the quantity of shrimp harvested to the number of days at sea and to the shrimp population seems to be well supported by the set of data used if augmented by some relevantly chosen environmental variables. The temperature of the sea surface in the …shing ground, the in ‡uence of the Niño and the Niña and the river's ‡ow seem indeed to contribute to the explanation of changes in the shrimp's harvest. Among all, the sea temperature in the …shing ground appears to be the most in ‡uential. The increase of SST by global warming is signi…cant in French Guiana area (about 0.65 C in 20 years). Nevertheless, there seems not to exist any order of importance between the others factors studied in this paper: the impact of the SOI phenomena is lower than the Amazon's one but higher than the Maroni's one.
Our results concerning SOI e¤ects also suggest that climatic change may in ‡uence stocks and harvest levels by the indirect e¤ects in winds, waves, rains, suspended matter, sediments. More broadly, it may alter the con…guration of ocean currents and, consequently, the most favourable regions for …shing (Arnason, 2003) . This phenomenon can be small or large. The rivers' ‡ow also tends to vary when climate changes. In particular, it rises during the rainy season (Callède et al., 2004) and climatic predictions states that the length of this season will increase in the future. Our study highlights therefore some important e¤ects the climatic change may have on the shrimp's stock through its in ‡uence on the ‡ow of the big amazonian rivers. The potential increase in the long term trends in SST and the Amazon river ‡ow may lead to a collapse of the stock. In the French Guiana shrimp …shery, the regulation has been implemented through a system of licenses. Policymakers try to regulate the …shery through the control of the …shing e¤ort level. However, the latter explains a much smaller proportion of the harvest variations than the stock (only 30%). Moreover, our results suggest that the stock is very dependent of environmental factors. This explains why the impact of the above policy is quite weak. One may therefore question the relevance or the e¤ectiveness of such licenses that are even not always pro…table.
Our paper ignores some other important features of shrimp …sheries that also depend very much on local conditions: mixing of water masses, water salinity, currents, nutrients, turbidity. The physical environment has been recognized as being the main factor driving the biological productivity and essentially in ‡uencing all processes in the sea. Other factors responsible for a great part of the observed variability in marine data are biological interactions and the anthropogenic impact (Daskalov, 1999) . Which exact role do the above factors play is however very hard to precise. Further avenues of research may consist in explicitly integrating the above factors into the analysis. However, as the harvest production function is found to be appropriate, the second step of the present work would be to implement a pro…t function.
